1 2 SUMMARY A first order analysis was made for the drag coefficient of a pitching NACA 0015 airfoil below stall. The inviscid velocity distribution for a translating NACA 0015 airfoil was superimposed with the additional circulation velocity for a pitching ellipse. The resulting velocity distribution was used to numerically integrate a momentum/boundary layer formulation to obtain the drag coefficient.
INTRODUCTION
The blade of a Darrieus wind turbine experiences a wide variety of angles of attack and unsteady flow conditions during each revolution of the rotor.
Despite the complex flow field created by the Darrieus turbine, a quasi-steady inviscid analysis has been shown to do an adequate job of predicting loads below stall [l] . The inviscid quasi-s teady analysis [l] has contributions from three sources; first, a Kutta-Joukowsky force which includes the circulation due to the pitching motion; second, a chordwise harmonic force due to pitching; and third, a normal harmonic force due to the normal acceleration.
The Kutta-Joukowsky force is dominant for the current designs of Darrieus
Rotors. State-of-the-art methods used for performance analysis of the Darrieus Rotor employ a quasi-steady approach for performance analysis below stall [2, 3, 4 ,S] using only the Kutta-Joukowsky term for lift. Drag is also used.
In these quasi-steady analyses, the lift and drag coefficients are obtained by entering tables of static airfoil data with an equivalent angle of attack adjusted for the pitching circulation. This approach is certainly reasonable for evaluating the lift coefficient, however this approach is questioned for prediction of drag coefficient. The reason for questioning this approach for determination of the drag coefficient lies in the alteration of the airfoil pressure distribution caused by the pitching motion. The present study investigated the effect of steady pitching motion on the drag coefficient of an unstalled NACA 0015 airfoil by a numerical momentum/boundary layer analysis. 3 
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Below is a summary of the features of the model:
1)
The velocity distribution was a superposition of two flows, a) the streaming motion past a NACA 0015 airfoil as a function of geometric angle of attack, and b) the relative velocity on the surface of an ellipse pitching at a constant rate in still fluid. Ghodoosian [6] has shown that the pressure distribution about a pitching NACA 0015 airfoil is adequately predicted by the superposition of the potentials for the streaming motion of an NACA 0015 airfoil and for an ellipse with the same leading edge shape as the NACA 0015 airfoil.
2)
The drag coefficient was calculated by a boundary layer quadrature of the combined velocity distribution to obtain the momentum thickness at the trailing edge.
3) A lift calculation was performed by integration of pressure coefficient around the airfoil in order to check the accuracy of the method .
The velocity and the pressure distribution were not corrected for boundary layer displacement thickness. The method is therefore a first order approximation for drag.
Both laminar and turbulent boundary layer cases were run. Two methods were tried for predicting the point of transition to turbulence, the first due to Michel [7] and the second used by Eppler [8] . The test cases were selected to approximate the range of operating Reynolds numbers and pitch rates encountered in normal operation of Sandia National Laboratories' 17m research vertical axis wind turbine.
The following paragraphs describe the development of the model along with the results of the investigation.
VELOCITY DISTRIBUTION -NACA 0015 AIRFOIL
The data of Abbott and von Doenhoff [9] were used for the potential flow velo ci ty distribution on the airfoil. For symmetric airfoils the velocity consists of two components, a basic thickness velocity plus an additional velocity due to the circulation. That is The local relative velocity from t his analysis was combined with the velocity for a translat ing NACA 0015 airfoil to obtain the total velocity distribution. With the total velocity distribution established as a function of angle of attack and pitching velocity, calculation of the drag and the lift coefficients followed.
CALCULATION OF DRAG COEFFICIENT
In a steady uniform flow, the drag on an object can be de te rmined by calculating the momentum deficit in the wake far downstream of the object [12] . In terms of the momentum thickness far downstream, em, Here ute is the trailing edge velocity.
2, the expression for drag coefficient
Substituting the expression for momentum thickness due to Thwaites [7] , 
TRANSITION TESTS
Two methods of calculating transition points were investigated.
The first method, given by Michel [7) , predicts transition based on local momentum thickness. Transition is said to occur when where the s-coordinate follows the surface . This method was convenient since the momentum thickness was already calculated. 
RESULTS
The accuracy of the code was checked by comparing static airfoil drag coefficient results with Eppler predictions for the NACA 0015 airfoil [13] . For the first case the boundary layer was assumed to be fully laminar.
For the second case transition was allowed to occur.
Note that for a symmetrical airfoil the ±e runs for positive angle of attack cover all conditions of pitching encountered by a Darrieus rotor. That is:
(+a, +e) is equivalent to (-a,-e) (+a, -e) is equivalent to (-a, +€) The majority of the results hereafter are presented only for the turbulent case with£ = ± 0.105 for clarity of presentation. 
CONCLUSIONS
The present first order analysis has shown that f or the range of Reynolds number and pitch velocity investigated:
1)
The effect of pitching on drag coefficient can be approximated by a linear shift in the angle of attack, allowing the use of static airfoil data in quasi-steady aerodynamic analyses.
2) The effect of pitching on the drag coefficient is due to a change in boundary layer development, since: 
